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Hydrothermal preparation and optical properties of ZnO nanorods
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Abstract

In the present paper, ZnO nanorods with the mean size of 50 nm× 250 nm were successfully synthesized via a hydrothermal synthesis
route in the presence of cetyltrimethylammonium bromide (CTAB). ZnCl2 and KOH were used as the starting materials and zinc oxide
nanorods were obtained at 120◦C for 5 h. The product was characterized by means of X-ray powder diffraction (XRD), transmission electron
microscopy (TEM) and selected area electron diffraction (SAED). The optical properties of the product were studied. Some factors affecting
the morphologies and optical properties were also investigated.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Various semiconductor materials are always a research
ocus in material science due to their unique electronic,
ptical properties and extensive applications. In these ma-

erials, wide and direct band gap semiconductors are of
reat interest in blue and ultraviolet optical devices such
s light-emitting diodes and laser diodes[1]. Zinc oxide
ZnO), as a wide and direct band gap (3.37 eV) semicon-
uctor with a large exciton binding energy (60 meV)[2],
as already been widely used in piezoelectric transduc-
rs, gas sensors, optical waveguides, transparent conduc-

ive films, varistors and solar cell windows, bulk acous-
ic wave devices[3–7]. With the development of material
cience, it is believed that ZnO has further application in
any fields. Over the past decade, ZnO crystallites have
een obtained by several preparation approaches includ-

ng sol–gel method[8], evaporative decomposition of so-
ution [9], wet chemical synthesis[10], gas-phase reaction
11] and hydrothermal synthesis[12], etc. A variety of mor-
hologies including prismatic forms[13], bi-pyramidal and

[16], nanowires[17] and whiskers[18] have been synthesiz
to date.

Among the above methods to prepare ZnO, hydro
mal synthesis route, as an important method for wet ch
istry, has been attracting material chemists’ attention.
ploying this method, for instance, needle-like ZnO crys
were obtained using the decomposition of aqueous solut
Na2Zn–EDTA at 330◦C by Nishizawa et al.[19]. Shi and co
workers prepared acicular ZnO crystals at 190◦C under the
assistance of mineralized reagent of NaNO2 [20]. Recently
Li’s group reported the preparation of ZnO nanorods
der cetyltrimethylammonium bromide (CTAB)-assisted
drothermal route at 180◦C for 24 h using zinc powders as t
initial material[21]. In this work, we designed a simple s
tem for the preparation of ZnO nanorods employing Zn2
and KOH as the reactants, CTAB, which is a cationic
factant, as the directed reagent for growth of ZnO. Reac
were carried out at 120◦C for 5 h. The optical properties
the product were studied. Some factors affecting the
phologies and optical properties were also investigated
umbbell-like[14], ellipsoidal[12], spheres[15], nanorods
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2. Experimental

In a typical experiment, all the reagents were analytically
pure and used without further purification. A 0.001 mol ZnCl2
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and 0.002 mol KOH were dissolved into small amount of dis-
tilled water, respectively, then a white floccule immediately
appeared as soon as they were mixed. After 0.0005 mol CTAB
was introduced under stirring, the system was transferred into
a Teflon-lined stainless steel autoclave of 40 ml and filled by
distilled water up to 80% volume. Hydrothermal treatments
were carried out at 120◦C for 5 h. After that, the autoclave
was allowed to cool down naturally. White precipitates were
collected and washed with distilled water and ethanol sev-
eral times to remove impurities. Finally, the precipitates were
dried at 50◦C for 5 h.

This procedure was repeated using (CH3COO)2Zn·2H2O,
Zn(NO3)2·6H2O and ZnSO4·7H2O as the zinc source

instead of ZnCl2 or changing the reaction tempera-
ture.

X-ray powder diffraction (XRD) was carried out on a
Rigaku (Japan) D/max-�A X-ray diffractometer with Cu K�
radiation (λ = 0.154178 nm) at a scanning rate of 0.02◦ s−1

in the 2θ range from 10◦ to 70◦. Transmission electron
microscopy (TEM) micrographs were taken on a JEM-
200CX, JEOL Transmission Electron Microscope, employ-
ing an accelerating voltage of 200 kV. UV–vis spectra were
recorded on a Hitachi U-3010 spectrophotometer (Tokyo,
Japan). The fluorescence spectra were measured with a
F-4500 spectrofluorometer (Hitachi) with a quartz cell of
1 cm.

F
t

ig. 1. (a) XRD pattern, (b) TEM image and (c) SAED pattern of ZnO nanor
he directed reagent.
ods prepared at 120◦C for 5 h, using ZnCl2 and KOH as the reactants, CTAB as
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Fig. 2. (a) The absorption spectrum and (b) the emission spectrum of ZnO nanorods.

Fig. 3. TEM images of the products prepared at 120◦C for 5 h, using different zinc sources: (a) (CH3COO)2Zn·2H2O, (b) Zn(NO3)2·6H2O and (c) ZnSO4·7H2O.
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3. Results and discussions

Fig. 1(a) shows the XRD pattern of the product. All of the
diffraction peaks can be indexed within experimental error as
hexagonal ZnO phase (Wurtzite-structure) with lattice con-
stantsa= 3.2508Å andc= 5.2069Å by comparison with the
data from JCPDS cards No.36-1451. The strong and narrow
diffraction peaks indicate that the material has a good crys-
tallinity and size. No characteristic peaks from impurities
such as Zn(OH)2 and KCl are detected.

The TEM images of the product are given inFig. 1(b).
Many rod-like products can be clearly seen. The sizes of
the products are homogeneous and the mean size is about
50 nm× 250 nm. The electron diffraction dots shown in
Fig. 1(c) can be indexed as hexagonal Wurtzite-structural
ZnO, which is very consistent with the analysis of XRD.

Under hydrothermal conditions, Zn(OH)2 can dehydrate
to produce ZnO at lower temperature (≥100◦C) [12] and
generally, the growth unit for ZnO crystal is considered to be
Zn(OH)42−, which has a tetrahedron geometry[13]. Some
ZnO crystals with a micron-scaled size have been prepared,
employing Zn(OH)2 as the precursor in the absence of sur-
factants[3,12,22]. Since a possible interaction exists in a sur-
factant and a precursor, it is imaginable that the morphology
and size of the product are influenced by the surfactant. In our
work, CTAB is a cationic surfactant and ionizes completely in
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Fig. 4. (a) The absorption spectra and (b) the emission spectra of the products
prepared at 120◦C for 5 h, using different zinc sources. Distilled water was
used as the reference and the exciting wavelength is 250 nm.

Fig. 3 shows the TEM images of the products pre-
pared using (CH3COO)2Zn·2H2O, Zn(NO3)2·6H2O and
ZnSO4·7H2O as the zinc source instead of ZnCl2, respec-
tively. As shown in TEM micrographs, some rods and flakes
were obtained when (CH3COO)2Zn·2H2O and ZnSO4·7H2O
were used as the zinc source, while Zn(NO3)2·6H2O as
the zinc source, some elliptic products were produced. The
absorption spectra inFig. 4(a) shows that the products
have a similar absorption peak located at 376 nm when
(CH3COO)2Zn·2H2O, Zn(NO3)2·6H2O and ZnSO4·7H2O
were employed as the zinc source instead of ZnCl2. Com-
pared with that of ZnO nanorods prepared using ZnCl2 as the
zinc source, the absorption peak red-shifts 12 nm.Fig. 4(b) is
PL spectra of the products prepared using the different zinc
sources. All the emission spectra range from 375 to 475 nm,
indicating that the PL spectra were not influenced by the
change of the zinc source. The broad peaks centered at ca.
405 nm are attributed to the recombination of free excitons
and the peaks behind 460 nm should come from oxygen va-
cancy of the products.
ater. The resulted cation is also a tetrahedron with a lon
rophobic tail[21]. Therefore, ion-pairs between Zn(OH)4

2−
nd CTA+ could form due to electrostatic interaction[21]. In

he crystallization process, surfactant molecules adsorb
he crystal nuclei not only serve as a growth director but
s a protector to prevent from aggregation of the produc
result, ZnO nanorods were produced.
Fig. 2(a) depicts a UV–vis spectrum of the as-prepa

nO nanorods, which was obtained on a Hitachi U-3010 s
rophotometer by dispersing ZnO powders in distilled w
nd using distilled water as the reference. An absorption
entered at 364 nm (ca. 3.41 eV) is found which has a s
lue-shift compared with that of the bulk. The PL spect
f the as-prepared ZnO nanorods is given inFig. 2(b), which
as obtained on a F-4500 spectrofluorometer (Hitachi) w
uartz cell of 1 cm by dispersing ZnO powders in distilled

er, employing the light of 250 nm as the excitation sourc
s clear from the figure that the spectrum consists of a wid
houlder peak from∼400 to 430 nm and a sharp one cente
t 443.2 nm. The above peak positions were very close t
ecent results obtained by Gao and co-workers[23]. Usually,
he UV emission is attributed to the near band edge emi
f the wide band gap of ZnO due to the annihilation of e

ons. And the blue luminescence is considered to be the
f radiative recombination of photo-generated holes with
ularly ionized oxygen vacancies[24,25]. In our work, the
tronger blue emission should be attributed to much mor
ective of the nanostructures prepared at lower temper
han those deposited at much higher temperatures, at
he UV emission is stronger[26].
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Fig. 5. TEM images of the products prepared at various temperatures for 5 h: (a) 100◦C, (b) 150◦C, (c) 180◦C and (d) 200◦C.

Fig. 5depicts the TEM images of the products synthesized
at various reaction temperatures for the same time. When the
temperatures of 100 and 150◦C were employed, the main
shape of the products is elliptic, while when the temperatures
are 180 and 200◦C, the main shape of the products is rod-like.
The absorption spectra of the products synthesized at various
reaction temperatures show that the absorption peak gradu-
ally shifts from 360, 366, 376 to 377 nm with the increase
of the reaction temperature from 100 to 200◦C (Fig. 6(a)).
The PL spectra given inFig. 6(b) shows that all the products
have a similar emission spectrum, which comprised a strong
emission peak centered at ca. 404 nm and a weak UV emis-
sion peak at 353 nm. In 2003, Agostiano and co-workers also

found the weak UV emission peak[27]. Generally, the dom-
inance of the UV emission at 353 nm in PL spectra has been
rarely observed for ZnO nanocrystals, except when their sur-
face has been passivated by organic molecules or when the
particles from alcoholic solutions have been UV-irradiated in
airless conditions[27]. In our work, it is probable that ZnO
surface in our samples was partially passivated by CTAB.
As a result, the UV luminescence can be responsibly de-
tected.

From the above experiments, one can easily find that the
morphologies and absorption properties of the products can
be influenced when zinc source or reaction temperature var-
ied, while the PL spectra not change generally.
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Fig. 6. (a) The absorption spectra and (b) the emission spectra of the products
prepared at various reaction temperatures for 5 h: (1) 100◦C, (2) 150◦C, (3)
180◦C and (4) 200◦C. Distilled water was used as the reference and the
exciting wavelength is 250 nm.

4. Conclusions

ZnO nanorods have been successfully synthesized in a
simple system at 120◦C for 5 h via the hydrothermal method.
ZnCl2 and KOH were used as the reactants and CTAB
as the directed reagent for growth of ZnO. The absorp-
tion peak of the as-obtained ZnO nanorods has a slight
blue-shift compared with that of the bulk. Experiments
showed that the different zinc source and reaction temper-
ature would influence morphologies and absorption prop-
erties of the final products but the PL spectra not change
generally.
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